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Abstract: Iris × germanica L. (bearded iris) is  a  popular ornamental plant with numerous commercially important 
cultivars; however, little is known about the genetic diversity and population structure of the species, as limited DNA 
markers have been explored. In this study, 34 722 expressed sequence tag (EST)-simple sequence repeat (SSR) loci were 
identified from RNA sequencing data. The most abundant SSR motifs belonged to the tri-nucleotide type, of which the 
most common were AGG/CCT followed by AAG/CTT. Overall, 50 primer pairs derived from these EST-SSRs were 
randomly selected and synthesized, and 22 primer pairs with good polymorphism effects were used for the following 
experiment. Correlation analysis of nine floral traits showed that most floral traits had significant correlations with each 
other. Association analysis between SSR molecular markers and nine floral traits showed that 11 EST-SSR markers were 
associated with 3–6 floral traits. The cluster tree constructed by using the unweighted pair group method demonstrated 
that the cultivars that had the same parents or similar colour were clustered together. The genotypic relations of most 
cultivars were consistent with their pedigree-based relationships. The EST-SSR loci identified in this study will facilitate 
the exploitation of genetic resources and molecular breeding of I. × germanica.
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The genus Iris includes approximately 300 perennial 
monocotyledonous plants that are widely cultivated 
for their beautiful flowers. Iris × germanica is com-
monly known as the bearded iris and has numerous 
commercially important cultivars. They are descended 
from complex crosses and originated from Europe 
(Sturtevant & Randolph 1945). Two wild species, 
Iris pallida and Iris variegate, were major parents 
of the original garden cultivars of I. × germanica, 
and were diploids with 12 pairs of chromosomes 
(Sturtevant 1961). The garden diploids were crossed 

with a series of wild tetraploid irises (Iris cypriana, 
Iris mesopotamica, etc.) and formed the modern tall 
bearded iris. With complex genetic backgrounds, the 
thousands of registered cultivars of I. × germanica 
are hard to distinguish using only their morphologi-
cal characteristics. Currently, the breeding process 
of I. × germanica has been hindered because of the 
ambiguous germplasm resources.

Compared to morphological evaluation, molecular 
markers are not affected by the environment; there-
fore, they have been widely used by plant researchers 
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to identify cultivars and analyse hybrid origin and 
genetic diversity (Agarwal et al. 2008). Traditional 
breeding programs are based on hybridization, which 
is limited by the long selection cycle. Marker-assisted 
selection (MAS) enables breeders to quickly select 
cultivars with desirable traits and has great poten-
tial to accelerate crop breeding processes. The two 
effective approaches commonly used to develop 
trait-linked markers are conventional linkage analy-
sis in controlled crosses and linkage disequilibrium 
(LD)-based association analysis using diverse germ-
plasms (Brachi et al. 2010; Butiuc-Keul et al. 2022; 
Guo et al. 2017; Wang et al. 2020). Compared with 
traditional linkage mapping approaches, association 
mapping exploits the recombination events that oc-
curred during evolutionary history based on existing 
natural populations (Mazzucato et al. 2008; Zhen 
et al. 2018; Liu et al. 2022).

Different types of DNA molecular markers have 
been developed and successfully applied in genet-
ics and breeding activities in various plants. For 
instance, restriction fragment length polymorphism 
(RFLP) (Williams 1989), amplified fragment length 
polymorphism (AFLP) (Paun & Schönswetter 2012), 
random amplified polymorphic DNA (RAPD) (Upad-
hyay et al. 2010a), microsatellites or simple sequence 
repeats (SSRs) (Upadhyay et al. 2010b), inter-simple 
sequence repeats (ISSRs) (Hinge et al. 2022), and 
cleaved amplified polymorphic sequences (CAPS) 
markers (Chavhan et al. 2023) have been utilized 
to detect the genetic basis of variation, genetic rela-
tionships within germplasm, and for the identification 
of duplicate accessions.

DNA-based molecular markers are not affected 
by environmental conditions and growth stages; there-
fore, they are useful in genetic diversity analyses (Lee 
& Park 2017). RAPD markers were used to analyse 
the genetic variation of Iranian iris species (Azimi 
et al. 2012). ISSR markers have been shown to be 
a suitable approach for the evaluation of molecu-
lar diversity and phylogenetic relationships in Iris 
spp. (Attari et al. 2016). AFLP markers were used 
to study genetic diversity and the population structure 
of species or cultivars derived from I. × germanica, 
I. pumila, I. variegata, and I. pallida (Li et al. 2020). 
Three types of PCR markers (ISSR, mobile genetic 
element sequences (Inter-Retrotransposon Amplified 
Polymorphism and inter-Primer Binding Site), and 
abiotic stress response genes (LP-PCR) were used 
to assess the genetic polymorphism in Iris pumila. 
LP-PCR markers showed the highest level of genetic 

polymorphism, while ISSR markers could identify 
all individual plants in the population (Bublyk et al. 
2021). Five chloroplast DNA (cpDNA) fragments and 
seven microsatellite markers were used to investi-
gate the genetic diversity, population structure, and 
historical dynamics of Iris loczyi (Zhang et al. 2021). 

Among the various kinds of molecular markers, 
SSRs are short tandem repeats of one to six nu-
cleotides that are adequately dispersed throughout 
the coding and non-coding regions of the genome; 
their distribution is also highly organized and varies 
in different regions of the genes (Lawson & Zhang 
2006). In different individual genotypes, the number 
of repeat units could vary due to changes in tandem 
arrays in the SSR motifs. SSRs have been widely 
used due to their characteristics of co-dominant 
inheritance, multi-allelic nature, extensive genome 
coverage, and simple detection (Varshney et al. 
2005). Additionally, expressed sequence tag (EST) 
SSR markers can be rapidly mined at  lower cost 
from expressed sequences and have the potential 
for direct gene tagging for important horticultural 
traits (Bouck & Vision 2010; Wu et al. 2014; Santos 
et al. 2018; Riangwong et al. 2020). In recent years, 
next-generation sequencing (NGS) technology has 
enabled researchers to identify a large number of SSRs 
based on abundant sequence information (Ronoh 
et al. 2018; Šarhanová et al. 2018; Zhu et al. 2021).

Currently, upgraded Illumina technology is the most 
widely utilized NGS platform for de novo transcriptome 
sequencing (RNA-Seq) for developing SSR markers 
(Taheri et al. 2018). For plants without a reference 
genome, transcriptome sequence can be used for the 
identification and development of SSR loci. Several 
ornamental plant species lack reference genomes; 
however, Illumina sequencing was used in studies 
of calla lily (Zantedeschia rehmannii Engl.) (Taheri 
et al. 2018), Curcuma alismatifolia (Taheri et al. 2019), 
Lilac (Syringa oblata) (Yang et al. 2020), of which 9 351, 
9 933, and 10 988 SSRs, respectively, were mined. 
Up to 200 primer pairs were designed and synthe-
sized according to the transcript sequence; 58 were 
polymorphic among 21 accessions of coloured calla 
lily (Wei et al. 2016). The validated and polymorphic 
SSR markers were used to assess the genetic diversity, 
population structure, and further association mapping.

Simple sequence repeat markers were developed 
in some species of Iris L., such as Iris loczyi (Zhang 
et al. 2021), I. laevigata (Sun et al. 2012), I. ensata 
(Xiao et al. 2012), I. brevicaulis, and I. fulva (Tang 
et al. 2009). However, few SSR markers have been 
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developed in I. × germanica, because the cross-specific 
amplification of microsatellites may result in a high 
possibility of null alleles (Jiang et al. 2011). Therefore, 
there is a need to develop SSR markers for MAS in 
I. × germanica. In this study, polymorphic EST-SSRs 
were developed and used to construct pedigree trees 
and explore specific allelic variations between phe-
notypes and genotypes of I. × germanica cultivars.

MATERIAL AND METHODS

All plant materials (Figure S1 in Electronic Sup-
plementary Material (ESM)) used in this research 
were planted in the nursery garden of Hebei Agri-
cultural University in Baoding, China (38°49'30''N, 
115°26'44''E). Most of the cultivars were obtained 
from Schreiner’s Iris Gardens (Salem, Oregon, USA), 
while cv. Indian Chief and cv. White and Yellow were 
obtained from the Hebei Academy of Forestry and 
Grassland Science (Shijiazhuang, Hebei, China).

Isolation of microsatellite markers using tran-
scriptome sequencing. For transcriptome sequenc-
ing, total RNA was extracted from leaves of two 

cultivars, Immortality and New moon, using the 
RNeasy Plant Mini Kit (Qiagen, Germany). Paired-
end sequencing cDNA libraries were constructed 
and sequenced using the Illumina HiSeq 2500 system 
(Illumina Inc., CA) according to the manufacturers’ 
instructions. The raw reads were cleaned by remov-
ing reads containing poly-N and low-quality reads. 
The cleaned reads were then assembled in the Trinity 
software using default parameters.

Perl scripts were developed to search for SSRs 
using the MIcroSAtellite (MISA, Thiel et al. 2003) 
search module. The parameters were set to detect 
perfect ten-, di-, tri-, tetra-, penta-, and hexa-nu-
cleotide motifs with a minimum of 10, 6, 5, 5, 5, and 
5 repeats, respectively. After identifying EST-SSR 
markers, Primer 3 was used to design SSR primers 
using default parameters (Untergasser et al. 2012).

Primer screening and cross-species amplifica-
tion. To test the amplification efficiency of the newly 
developed EST-SSR markers, 50 primer pairs were 
randomly selected and synthesized, of which 22 pairs 
showed polymorphism. Twenty-five commercial 
cultivars (Table 1, Figure 1) were used to confirm 
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the cross-species transferability of the 22 selected 
EST-SSR markers. 

Genomic DNA from healthy and young leaves was 
extracted using the modified CTAB method (Doyle 
& Doyle 1987). DNA quality was detected using 
1.5% agarose gel electrophoresis. The concentration 
of DNA was measured using a micro spectrophotom-
eter NanoDrop 2000 (Thermo Fisher Scientific, US) 
and work concentration was diluted to 200 ng/μL.

Afterwards, SSR-PCR amplification was performed 
in a volume of 20 μL, containing 10 ng DNA, 1.2 μL 
of 2.5 mmol/L dNTPs, 2 μL 10 × PCR buffer (Mg2+), 
1 U Taq DNA polymerase (Takara Biotechnology 
Company, Dalian, China), and 0.8 μL of 10 μmol/L 

forward and reverse primers. The PCR conditions 
were as follows: 95 °C for 1 min; 35 cycles of 95 °C for 
30 s, 60 °C for 30 s, and 72 °C for 45 s or 90 s; 72 °C 
for 10 min; and hold at 4 °C. PCR was performed 
using T100 Theral Cycler (Bio-Rad, USA). The am-
plification products were electrophoresed on 6% 
polyacrylamide gels (19 : 1 acrylamide:bis) using the 
Thermo Scientific™ Owl™ vertical electrophoresis 
systems (Thermo Fisher Scientific, USA).

Phenotypic data. A total of nine floral traits were 
evaluated in 25 I. × germanica cultivars with three 
repeats per genotype (Table 2). The nine floral traits 
included flowering date (FD), number of  f lorets 
per stem (NF), length of flower stem (LS), length 
of fall petal (LFP), width of fall petal (WFP), length 
of standard petal (LSP), width of standard petal 
(WSP), height of floret (HF), and width of floret 
(WF), which were all recorded or measured at full 
bloom. LS, LFP, WFP, LSP, WSP, HF, and WF were 

measured using a measuring tape. Flowering dates 
were recorded when the first floret opened. Flower-
ing dates were divided into the following five groups: 
1, very early; 3, early; 5, medium; 7, late; 9, very late.

Data analyses. The EST-SSR allelic composition 
of each accession was recorded as dominant mark-
ers, and according to the amplicon size, putative 
alleles were labelled with different letters indicating 
the different alleles. Afterwards, a dominant geno-
typic matrix was formed and used for the calcula-
tion of polymorphisms of SSR markers using Power 
Marker version 3.51 (Yu & Buckler 2006). TASSEL 
with the General Linear Model (GLM) option (Liu 
& Muse 2005) was used to examine associations 
between phenotypic traits and DNA markers. Tak-
ing the Q matrix of population structure analysis 
as a covariable, the nine floral traits and SSR poly-
morphism marker data were substituted into the 
general linear model in TASSEL software (Bradbury 
et al. 2007) for regression analysis. To illustrate the 
genetic relationships among the cultivars, a dendro-
gram was constructed using the un-weighted pair 
group method with arithmetic averages (UPGMA) 
using the NTSYS-pc program (Ver. 2.2, Rohlf 2005).

RESULTS

Frequency and distribution of EST-SSRs loci 
in Iris × germanica. The MIcroSAtellite search mod-
ule was used to search for SSRs in the sequences 
of 124 758 unigenes. Overall, 34 722 potential EST-SSR 
loci were identified from 26 739 unigenes sequences, 
among which 6 070 sequences contained more than 

Table 2. Estimates of phenotypic correlations for nine floral traits in the association population in Iris × germanica

Traits FD NF LS LFP WFP LSP WSP HF WF
FD 1
NF 0.463*
LS 0.625** 0.550**
LFP 0.437* 0.283 0.723**
WFP 0.483** 0.129 0.639** 0.805**
LSP 0.617** 0.441* 0.775** 0.720** 0.504**
WSP 0.395** 0.250 0.669** 0.814** 0.836** 0.553**
HF 0.585** 0.479** 0.841** 0.768** 0.597** 0.816** 0.626**
WF 0.311* 0.030 0.495** 0.681** 0.854** 0.277 0.735** 0.417** 1

FD – flowering date; NF – number of florets per stem; LS – length of flower stem; LFP – length of fall petal; WFP – width of fall 
petal; LSP – length of standard petal; WSP – width of standard petal; HF – height of floret; WF – width of floret; *,**P < 0.05, 
0.01 (significance of Pearson correlation coefficients between two traits)
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one EST-SSR locus, indicating that 21.4% of unigenes 
contained SSR loci. Among the di-nucleotide motifs, 
the most common motifs type was AG/CT (72.3%), 
followed by the AT/AT motif (14.8%) (Figure 1A). The 
most abundant SSR motifs in the tri-nucleotide SSRs 

were AGG/CCT (25.4%) and AAG/CTT (25.2%), fol-
lowed by AGC/GCT (15.3%) (Figure 1B). The counted 
repeat unit number of SSRs ranged from 5 to 12, and 
the top two abundant SSR types were SSRs with 5 and 
6 repeats (Figure 1C).

Table 3. Descriptions of expressed sequence tag-simple sequence repeat (EST-SSR) markers used for genotyping de-
tection of Iris × germanica

Primer 
name Sequence (5'- 3') Repeat 

motif
Allele  

ranges (bp)
Number 
of alleles

Shannon 
index

IG19F1 F: GAGAACACATCACACTC
R: AGACCGTCAACGTGTAAGCC (GAA)10 232–259 11 0.57

IG19F3 F: TGGAAACTTGAGGTGCACAA
R: GGCTCCATTTCTGCTAGTCG (GAT)10 126–141 8 0.55

IG19F5 F: CGCCAGGTGCTCGTTAATA
R: ACAACAAGAAGCCTACCAGC (CTC)7 272–290 8 0.60

IG19F6 F: ATGCTCAGATCGAGGAGGAA
R: ATCTGCAGCCTACACCACCT (ACG)24 254–278 4 0.56

IG19F10 F: AACGTGGCCAGAGTGCTTTA
R: TGCTTCTGTTGTTGGGGAAT (TCCTT)5 246–261 5 0.64

IG19F14 F: TAGGCCATCAAACGATTCCT
R: TTCTGAGCAAAAGTCCGACA (A)44 280–298 7 0.58

IG19F15 F: AGCCTATGGTGGATCAGTGC
R: TGGAAAGCATGTGTACCTTCA (AAG)13 279–306 6 0.56

IG19F17 F: AGCCTATGGTGGATCAGTGC
R: TGGAAAGCATGTGTACCTTCA (CT)25 241–263 7 0.57

IG19F22 F: TGGTGGTGATTTGTTTCTTGA
R: TGATGGTGTGGTTGGTTGTT (GAA)14 260–281 6 0.61

IG0809F4 F: AATCCGGACCTCAACCAGTG
R: ACCGATCGAATACTTGGGACC (ACC)5 223–241 5 0.52

IG0821F2 F: TCGGTTCGGTTTAAGGTCGG
R: GTTCCCATGTGCATGCTGTG (A)13 104–115 2 0.61

IG0821F4 F: AAGTTGGAGGAGGAGGTGGT
R: GATAAAGGAGGAGGCGAGCG (TGC)5 257–279 4 0.52

IG1001F12 F: TGCACTGCGACATCAACTCT
R: CACCACCACCACCTCTTCTC (GTT)10 165–186 6 0.61

IG1002F14 F: TCCCCCTTCATTTCTTCGGC
R: CGGCAGCTTTTCCATCCAAC (T)16 106–119 4 0.52

IG1111F15 F: TCCTTCCCGTCTACCTCCTG
R: ACCCCCGTCTCTTCACTCTT (TC)8 166–186 4 0.57

IG1212F17 F: CCTGCCACTCTTCACACCAA
R: AGCGCCACTCCAACTAACAA (A)15 220–231 4 0.51

IG1212F18 F: CCTCCCTCTCCTCACTCTCC
R: TCGGTTCGGTTCGGTTTCAT (A)12 178–190 2 0.52

IG1212F19 F: CCCTTCCGTTCTTCTCGTCC
R: TTGCTGCCTGTGCTCTTCTT (TGG)5 171–186 9 0.56

IG1212F20 F: TCCATCTCAGCTTCCTCGGA
R: CCCACCCTATCGCCAACAAA (GAG)5 236–251 2 0.59

IG1217F22 F: AGACCCAGATACCGCAGAA
R: GGATGATGAGCCTTACCGT (TC)9 280–287 5 0.48

IG0121F47 F: TGCCATCACTCAACACCA
R: TCCCTTCCTCTTCTTCGA (AG)7 146–160 5 0.62
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Phenotypic floral trait distribution and corre-
lations. Pearson’s correlation coefficients between 
pairs of the nine floral traits were calculated, and 
31 significant correlations were shown among these 
traits (P < 0.05) (Table 2). Positively significant cor-
relations were also found between most floral traits. 
The length of the flower stem (LS) had a significant 
positive correlation with all floral traits. The traits 
of the florets, such as the length of fall petal (LFP), 
width of fall petal (WFP), length of standard petal 
(LSP), width of standard petal (WSP), height of flo-
ret (HF), and width of floret (WF), were positively 
significantly correlated with any other two traits. 
The cultivars that flowered late also had taller flower 
stems and larger florets.

Correlation analysis between floral traits and EST-
SSR molecular markers in Iris × germanica. Fifty 
pairs of primers derived from EST-SSR were randomly 
selected and synthesized, and 22 pairs of primers with 
good polymorphism effects were screened (Table 3). 
The association analysis between SSR molecular mark-
ers and nine floral traits was performed using the 
results of population structure analysis to avoid false 
positive correlation (Table 4). Using P < 0.05 as the 
benchmark, 11 markers were found to be associated 
with at least one floral trait. The marker IG1212F18 
was associated with seven floral traits (FD, NF, LS, 
LFP, WSP, HF, and WF), and this marker also showed 
high correlation with LS and HF. 

Application of SSR markers in studying the ge-
netic relationship of Iris germanica cultivars. The 
UPGMA dendrogram was constructed for 25 iris 
cultivars based on the 22 EST-SSR markers. The 
25 cultivars were separated into four groups using 
a similarity coefficient of 0.6 as the threshold (Fig-
ure 2). Cluster I contained 15 cultivars and was the 
largest group. Cluster II only had one cultivar. The 
cultivars that had the same parents were clustered 
together, such as Autumn Circus (C3) and Autumn 
Tryst (C4), Blueberry Tart (C5) and Midsummer 
Night’s Dream (C17) (Figure 2). 

Two cultivars of Iris pallida, Pallida variegata gold 
(C18) and Pallida variegata white (C19), were also 
clustered together (Figure 2). The cultivars that had 
similar colours also showed high similarity coeffi-
cients. For instance, cluster III had three pink colour 
cultivars; Chariots of Fire, Celebration Song, and 
Kaligazam clustered together. Based on the common 
horticultural classification, the iris cultivars were also 
classified as once-bloomers and re-bloomers. The 
cultivars in cluster IV all belong to the re-bloomer 
type. However, not all re-bloomers were grouped 
in one cluster.

DISCUSSION

DNA-based markers provide an effective way for 
assessing genetic diversity, as RAPD markers (Azimi 

Table 4. Summary of significant marker-trait pairs from the association test results of Iris × germanica using the TASSEL 
program; under the condition of P < 0.05, 11 markers were associated with at least one floral trait

Markers
Traits

FD NF LS LFP WFP LSP WSP HF WF
IG1111F15 * * **
IG1212F18 * * **** ** ** **** **
IG1212F19 * * *
IG1212F20 * * *
IG1212F22 *
IG19F1 * *
IG19F6 * ** * * *
IG19F14 ** ** *
IG19F17 ** ****
IG19F22 * **** ** **
IG19F15 **

FD – flowering date; NF – number of florets per stem; LS – length of flower stem; LFP – length of fall petal; WFP – width of fall 
petal; LSP – length of standard petal; WSP – width of standard petal; HF – height of floret; WF – width of floret; *,**,****P < 0.05, 
0.01, 0.0001 (significance of association between markers and traits)
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et al. 2012), ISSRs markers (Attari et al. 2016; Bublyk 
et al. 2021), and AFLP markers (Li et al. 2020) have 
been used in several studies on various iris spe-
cies. In this study, 34 722 potential EST-SSRs were 
identified using transcriptome sequencing, which 
demonstrated that it was an effective method for 
mining a large number of EST-SSR markers in I. × ger-
manica. The results showed that 21.4% of unigenes 
contained SSR loci, suggesting that SSRs were well 
distributed in the transcript sequence. Moreover, 
the 124 758 unigenes identified in this study can 
be used as references for further research on the 
physiology, biochemistry, and molecular genetics 
of I. × germanica, which lacks a reference genome. 
Previously, EST-SSR markers have been developed 
in other ornamental plant species, such as peony 
(Gilmore et al. 2013; Wu et al. 2014) and crape myrtle 
(Ye et al. 2019) based on transcriptome sequences.

The most abundant type of nucleotides repeat units 
was tri-nucleotide with five tandem repeats (6 880) 
followed by five tandem repeats (3 207) in I. × ger-
manica. As frameshift mutations may disrupt normal 
reading frames and result in the insertion of the 
wrong amino acids into the protein sequence and/or 

the creation of a codon that stops the protein chain, 
the motifs except for the tri-nucleotide type may 
be restricted; consequently, tri-nucleotide repeats 
are the most abundant motifs for SSRs (Metzgar 
et al. 2000). 

In this study, di- and tri-nucleotide motifs were two 
of the most frequent SSR motif types. Our results are 
also consistent with the reports of studies on SSR 
motif types in other plants, such as calla lily (Wei 
et al. 2016) and Curcuma longa (Annadurai et al. 
2013). The most common di-nucleotide motifs type 
in I. × germanica was AG/CT (72.3%). In I. brevicaulis 
and I. fulva, EST-SSR markers were developed by con-
structing cDNA libraries, and 89.8% of these markers 
were the AG/CT di-nucleotide motif type (Lawson & 
Zhang 2006). AG/CT was the most abundant motif 
in the 5'UTR and ORF fractions in gymnosperms 
(Morgante et al. 2002). AG/CT repeats are highly 
abundant and have been widely targeted for EST-SSR 
marker development in plants because they are often 
highly polymorphic, more abundant in untranslated 
regions (UTRs) than coding sequences (CDSs), and 
can consistently amplify and yield robust SSR mark-
ers (Dieffenbach et al. 1993; Temnykh et al. 2001). 

Coefficient
0.56                                0.61                                  0.67                                   0.72                                  0.78
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C24
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Figure 2. Dendrogram showing the genetic affiliations among the 25 accessions based on the 22 core expressed sequence 
tag-simple sequence repeat (EST-SSR) markers; the 25 cultivars were separated into four groups using the similarity 
coefficient of 0.6 as the threshold
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In a study of Syringa oblate, the most abundant 
di-nucleotides motif was AT/TA (34.1%), as these 
motifs are carried by codons with high frequencies 
of Ile (AUA) and Tyr (UAU) (Yang et al. 2020).

In this study, tri-nucleotide motif was also domi-
nant, and the most common tri-nucleotide motif 
was AGG/CCT, followed by AAG/CTT. In C. alis-
matifolia, AGG/CCT (13.82%) is the most abundant 
tri-nucleotide motif and is closely followed by CCG/
CGG (12.94%) (Taheri et al. 2019). In Triticum aes-
tivum (Yang et al. 2016) and Panicum sumatrense 
(Desai et al. 2021), tri-nucleotide repeats are also 
the most prevalent type. While in 15 grass genomes 
of Poaceae, the most abundant motifs are GA/TC, 
followed by monomer motifs A/T monomer and then 
GCG/CGC motif (Wang & Wang 2016). According 
to these results, the dominant type of motifs var-
ied in different plant species. Among the polymor-
phic SSRs, 10 out of 22 were tri-nucleotide motif, 
which had five or more tandem repeats in this study. 
As smaller motifs are more likely to have genotyping 
errors due to slipped-strand mispairing (stuttering) 
during the polymerase chain reaction (PCR), longer 
SSR loci play more prominent allelic fluctuation 
(Taheri et al. 2018).

On the basis of LS and floret size, the American 
Iris Society has divided the bearded irises into six 
groups for garden judging (Moores 2001). Gener-
ally, the groups with longer flower stems also have 
larger florets but flower later than the groups with 
smaller florets. In this study, most floral traits were 
positively correlated with each other (Table 2), which 
is consistent with the group standards of the Ameri-
can Iris Society.

The results of this study showed that one floral trait 
was associated with multiple markers, and the same 
marker locus can be associated with multiple traits 
(Table 4). The marker IG1212F18 was associated 
with seven floral traits (FD, NF, LS, LFP, WSP, HF, 
and WF). Both traits, LS and HF, had a pretty high 
correlation with marker IG1212F18 with a P-value 
less than 0.0001. The Pearson correlation coefficient 
between traits LS and HF was 0.854, indicating that 
the genes controlling these two traits might be closely 
related. Since the markers mined in this study were 
based on the transcript sequence, these markers 
can be useful for detecting markers associated with 
specific traits in I. × germanica.

Genetic diversity and relationships of  species 
in family Iridaceae have been evaluated using plas-
tid markers (Ikinci et al. 2011), ISSR markers (Ra-

sul et al. 2024), and MGE sequences (Bublyk et al. 
2021). In studies on the genetic polymorphism of Iris 
pumila, ISSR markers were the most polymorphic 
among individuals, while markers of MGE sequences 
had the lowest polymorphism (Bublyk et al. 2021). 
The genetic relationships of 55 species of the Iris 
subgenus, Scorpiris, were revealed using six plastid 
markers, leading to the identification of novel and 
reasonable relationships between several species (Ik-
inci et al. 2011). In this study, EST-SSR markers were 
developed based on transcriptome sequencing data, 
which showed high polymorphism among cultivars 
and was used to evaluate the genetic relationship 
of these cultivars. 

Autumn Circus (C3) and Autumn Tryst (C4) were 
estimated to have high similarity in the UPGMA 
dendrogram (Figure 2), as they have the same male 
parent, Earl of Essex, which is the progenitor of nu-
merous re-blooming cultivars (Niswonger 2003). 
Both Autumn Circus and Autumn Tryst were reliable 
re-bloomers, of which the traits may be inherited 
from Earl of Essex. In Iris loczyi, all populations were 
grouped into three major clades in the UPGMA tree, 
which correlated with geographic distance (Zhang 
et al. 2021). 

Further analysis was conducted among the once-
bloomer and re-bloomer groups; however, there was 
no significant correlation within the group of re-
bloomers or once-bloomers. This result may indicate 
that not all re-bloomers in this study were derived 
from the same ancestor. Their re-blooming traits may 
have been inherited from ancestors with different 
genetic backgrounds.

In the dendrogram, although the pink colour cul-
tivars Chariots of Fire and Kaligazam, despite not 
being closely related in their pedigree, were clustered 
together. Niswonger (2003) reported that the pink 
traits appear when each of the four groups of chro-
mosomes has a converting gene that converts caro-
tene to lycopene. Thus, these pink cultivars might 
have similar genetic backgrounds, potentially having 
a homozygous genotype in the genes responsible for 
controlling pink traits.

As the white cultivars and cultivars of the plicata 
type (an iris that is ‘stitched’ or has stippled fall bands 
usually on a white or yellow ground) were both af-
fected by anthocyanin inhibitor alleles (Spoon 2008), 
the white cultivar Immortality and the white plicata 
cultivar Girly Girl were clustered together in the 
UPGMA dendrogram (Figure 2). The white colour 
of Immortality was controlled by homozygous domi-
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nant anthocyanin inhibitor alleles, which repress the 
synthesis of anthocyanin pigments. On the other hand, 
the different dosage effects of anthocyanin inhibitor 
alleles might produce cultivars of the plicata type, 
such as Girly Girl, which has a white background 
and 1/4 inches of purple plicata markings. 

CONCLUSION

In this study, 34 722 EST-SSR loci were identified 
from RNA sequencing data, which could be used 
to develop markers for I. germamica and other iris 
species. The genotypic relations of most cultivars 
evaluated by cluster tree were consistent with their 
pedigree-based relationships. Among the polymor-
phic primers screened from these EST-SSR loci, 
11 EST-SSR markers were associated with floral 
traits, indicating that the EST-SSR loci identified 
in this study will be useful in marker-assisted selec-
tion breeding programs of I. germamica.
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